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Quasi-Orthogonal Space-Time-Frequency Codes in MB-OFDM UWB ?
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Abstract
Quasi-Orthogonal Space-Time-Frequency Codes (QOSTFCs) will be examined in this paper to advance either data rate or error
performance in recently proposed Space-Time-Frequency Coded Multiband OFDM Ultra-Wideband (STFC MB-OFDM UWB)
communication systems. It is shown that QOSTFCs can provide significantly better error performance, compared to the conventional
MB-OFDM UWB (without STFCs) and to the Orthogonal STFCs (OSTFCs) of the same order, at the same data rate, without
increasing the total transmission power. Another form of the enhancement would be that QOSTFCs can provide higher data rates
with the same error performance, compared to OSTFCs.
Key words:
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1. Introduction
Combination of the emerging technologies Multiband
OFDM Ultra-Wideband (MB-OFDM UWB) [1], Multi-
ple Input Multiple Output (MIMO) [2], and Space-Time
Codes (STCs) [3], [4] may improve significantly the max-
imum achievable wireless communication range, bit error
performance, system capacity, data rate or a combined
form of those. This combination has been somewhat men-
tioned in the literature. In particular, the combination of
MB-OFDM UWB and Space-Time Block Codes (STBCs)
has been mentioned in [5] for only 2 transmit antennas, i.e.
the Alamouti code [3]. In [6], the authors proposed a gen-
eral framework to analyze the performance of MB-OFDM
MIMO UWB systems regardless of specific coding schemes
in case of Nakagami frequency-selective fading channels.
In [7], [8], we proposed the Space-Time-Frequency Coded
MB-OFDM UWB (STFC MB-OFDM UWB) system for
any number of transmit/reveive (Tx/Rx) antennas (see
? The material of this work has been partially presented at the
IEEE Int. Conf. Sign. Process. & Commun. Syst. (ICSPCS2007),
Gold Coast, Australia, Dec. 2007 and at the IEEE Int. Conf. Ultra-
Wideband (ICUWB 2008), Hannover, Germany, Sept. 2008.
∗ Corresponding author.
Email addresses: tran@isip.uni-luebeck.de (Le Chung Tran),
mertins@isip.uni-luebeck.de (Alfred Mertins),
twysocki@mail.unomaha.edu (Tadeusz A. Wysocki ).
Fig. 1). We modified Tarokh’s proof [4] to quantify the
diversity and coding gains of the proposed STFC MB-
OFDM UWB system in the log-normal distribution case
[9], and then derived the design criteria and maximum
likelihood (ML) decoding expressions for STFCs in MB-
OFDM UWB. Due to the limited space, an overview of
the proposed STFC MB-OFDM UWB system will not be
repeated here. We would like to refer readers to [8, Section
II], [10, Section II] or [7, Section III] for more detail.
One disadvantage of STFCs that are constructed based
directly on complex Orthogonal STBCs (OSTBCs), as
mentioned in [7], is the reduced code rate when the num-
ber of Tx antennas increases. It is well known that OST-
BCs for more than 2 Tx antennas cannot provide the full
rate. To increase the code rate of OSTBCs, in [11], the
author proposed Quasi-Orthogonal STBCs (QOSTBCs)
for 4 and 8 Tx antennas providing higher data rates than
the conventional OSTBCs of the same orders, while they
still can provide a large (but not full) diversity. Equiva-
lently, QOSTBCs can provide better error performance,
compared to OSTBCs of the same order, at the same data
rate [11]. The idea of QOSTBCs [11] can definitely be
further extended to apply to STFCs in MB-OFDM UWB.
Therefore, in this paper, we consider the application of
Quasi-Orthogonal STFCs (QOSTFCs), which have higher
code rates than orthogonal STFCs (OSTFCs) of the same
order, in the proposed STFC MB-OFDM UWB system.
Preprint submitted to Elsevier 20 April 2010
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Fig. 1. Structural diagram of the proposed STFC MB-OFDM UWB [7].
It will be shown that, although only partial diversity can
be achieved, QOSTFCs may still provide better error per-
formance over OSTFCs of the same order, without any
increase of the total transmission power.
The paper is organized as follows. Section 2 analyzes the
feasibility of the deployment of QOSTFCs with the order
up to 8 in the STFC MB-OFDM system, and derives the
examples of QOSTFCs of orders 4 and 8 together with
the counterpart OSTFCs for illustration. Section 3 derives
the decoding metrics for these OSTFCs and QOSTFCs.
In Section 4, simulation results are shown to verify our
analysis. Conclusions are drawn in Section 5.
The following notations will be used throughout the pa-
per. The superscript (.)∗ denotes the complex conjugation.
We denote ā•b̄ to be the element-wise (or Hadamard) prod-
uct of the two vectors ā and b̄. ND and Nfft are the number
of data sub-carriers and the FFT/IFFT size, respectively
(for MB-OFDM UWB communications [1], ND = 100 and
Nfft = 128). Further, ā.̂ 2 denotes the element-wise power-
2 operation of ā. The complex space C of a symbol s de-
notes all potential possibilities that the symbol s can take,
while the ND-dimensional complex space CND of a length-
ND vector s̄ denotes all potential possibilities that the vec-
tor s̄ can take. We define 1̄ as a column vector of length
ND, whose elements are all 1. Finally, ‖ . ‖F denotes the
Frobenius norm.
2. Quasi-Orthogonal STFCs
For the code rate of a STFC [7] being defined as the ratio
of the number of transmitted MB-OFDM symbols and the
number of time slots required to transmit the whole block
of the code, it is known that the Alamouti code [3] can
provide a full rate for two Tx antennas, while higher-order
codes for more than two Tx antennas cannot provide the
full rate. However, they may still provide a higher diversity
order than the Alamouti STFC. As a result, the higher-
order codes may provide better error performance. Higher
order codes also provide potentially higher capacity for the
wireless system. We note that, while high-order codes (or-
der 8 or greater) do not bring about a significant increase
of the system capacity in the case N = 1 Rx antenna (see
Fig. 2.2. in [12]), they may significantly increase the system
capacity for N ≥ 2 Rx antennas (see Fig. 2.4. in [12] for
instance). Therefore, the implementation of higher-order
STFCs for multiple Tx/Rx antennas in STFC MB-OFDM
UWB communications is still of our interest.
A question that could be raised is: what is the possible
maximum order of STFCs which may be practically applied
to MB-OFDM UWB systems? It is well known that Tx an-
tennas should be separated from one another by at least
λ/2, where λ is the UWB wavelength, in order to avoid the
spatial correlation between the Tx antennas. For the UWB
frequency range 3.1-10.6 GHz, this minimum distance is in
the range of 14.2-48.4 mm. Let us consider the implemen-
tation of order-8 STFCs (8 Tx antennas are required). The
length of UWB devices locating 8 Tx antennas should be
about 7λ/2, i.e. in the range 9.9-33.9 cm. This length is
the typical length of wireless devices, such as wireless ac-
cess points or routers. For more than 8 Tx antennas, the
physical size of UWB devices might be too large and thus
impractical. Therefore, the application of up to 8 Tx an-
tennas can be feasible in STFC MB-OFDM UWB.
As mentioned previously in the introduction, QOSTFCs
can be used to improve either the data rate or the error
performance of MB-OFDM UWB systems. In particular,
for 4 Tx antennas, the following full rate QOSTFC S4b,
which is constructed in the similar way as the QOSTBC
proposed in [11], can be applied
S4b =


s̄1 s̄2 s̄3 s̄4
−s̄∗2 s̄∗1 −s̄∗4 s̄∗3
−s̄∗3 −s̄∗4 s̄∗1 s̄∗2
s̄4 −s̄3 −s̄2 s̄1


, (1)
where s̄i denotes a length-Nfft column vector, while Nfft
2
is the FFT/IFFT size. This QOSTFC provides a higher
code rate with the penalty of loosing half diversity order,
compared to the following rate-3/4 OSTFC S4a, which is
constructed based on the code proposed in [13] for conven-
tional wireless STBC MIMO systems:
S4a =


s̄1 s̄2 s̄3 0
−s̄∗2 s̄∗1 0 s̄3
−s̄∗3 0 s̄∗1 −s̄2
0 −s̄∗3 s̄∗2 s̄1


. (2)
For 8 Tx antennas, the following rate-3/4 QOSTFC S8b
(constructed in the similar way as the QOSTBC proposed
in [11]) can be used
S8b =


s̄1 s̄2 s̄3 0 s̄4 s̄5 s̄6 0
−s̄∗2 s̄∗1 0 −s̄3 s̄∗5 −s̄∗4 0 s̄6
s̄∗3 0 −s̄∗1 −s̄2 −s̄∗6 0 s̄∗4 s̄5
0 −s̄∗3 s̄∗2 −s̄1 0 s̄∗6 −s̄∗5 s̄4
−s̄4 −s̄5 −s̄6 0 s̄1 s̄2 s̄3 0
−s̄∗5 s̄∗4 0 s̄6 −s̄∗2 s̄∗1 0 s̄3
s̄∗6 0 −s̄∗4 s̄5 s̄∗3 0 −s̄∗1 s̄2
0 s̄∗6 −s̄∗5 −s̄4 0 s̄∗3 −s̄∗2 −s̄1


. (3)
This QOSTFC provides a higher code rate with the penalty
of loosing a portion of maximum diversity order, compared
to the following rate-1/2 OSTFC S8a, which is constructed
based on the code proposed in [13] for conventional wireless
STBC MIMO systems:
S8a =


s̄1 −s̄∗2 −s̄∗3 0 −s̄∗4 0 0 0
s̄2 s̄∗1 0 s̄
∗
3 0 s̄
∗
4 0 0
s̄3 0 s̄∗1 −s̄∗2 0 0 s̄∗4 0
0 −s̄3 s̄2 s̄1 0 0 0 −s̄∗4
s̄4 0 0 0 s̄∗1 −s̄∗2 −s̄∗3 0
0 −s̄4 0 0 s̄2 s̄1 0 s̄∗3
0 0 −s̄4 0 s̄3 0 s̄1 −s̄∗2
0 0 0 s̄4 0 −s̄3 s̄2 s̄∗1


. (4)
It can be realized that the columns νi, for i = 1, . . . 8, of
S8b are orthogonal, except for the pairs (ν1, ν5), (ν2, ν6) and
(ν3, ν7). Clearly, the orthogonality of S8b (thus the diver-
sity) is partially released to achieve the higher rate.
3. Decoding Metrics
We now derive the ML decoding metrics for the above
OSTFCs and QOSTFCs in a MIMO system with N Rx an-
tennas, using a PSK or QAM modulation scheme. Let us
consider the two codes S4a and S4b as examples. Because S
is completely orthogonal (for S4a) or partially orthogonal
(for S4b), each MB-OFDM symbol can be decoded sepa-
rately for the code S4a, while a pair of MB-OFDM symbols
must be decoded at a time for the code S4b. The decoding
Table 1
Decoding Metrics for S4a with PSK or QAM Modulations.
Symbol Decoding Metric
s̄1 arg mins̄∈CND ‖
[∣∣∑N
n=1
(
h̄2,n • r̄∗2,n+
h̄3,n • r̄∗3,n + h̄∗1,n • r̄1,n + h̄∗4,n • r̄4,n
)
− s̄
∣∣.ˆ2+
(−1̄ +
∑4
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
s̄2 arg mins̄∈CND ‖
[∣∣∑N
n=1
(
− h̄∗2,n • r̄1,n−
h̄∗4,n • r̄3,n − h̄1,n • r̄∗2,n + h̄3,n • r̄∗4,n
)
− s̄
∣∣.ˆ2+
(−1̄ +
∑4
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
s̄3 arg mins̄∈CND ‖
[∣∣∑N
n=1
(
− h̄1,n • r̄∗3,n−
h̄2,n • r̄∗4,n + h̄∗3,n • r̄1,n + h̄∗4,n • r̄2,n
)
− s̄
∣∣.ˆ2+
(−1̄ +
∑4
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
Table 2
Decoding Metrics for S4b with PSK or QAM Modulations.
Symbols Decoding Metric
(̄s1, s̄4) arg mins̄1 ,̄s4∈CND
‖
(∑4
m=1
∑N
n=1
|h̄m,n|.ˆ2
)
•
(|̄s1|.ˆ2 + |̄s4|.ˆ2) + 2Real[
∑N
n=1
(−h̄1,n • r̄∗1,n−
h̄∗2,n • r̄2,n − h̄∗3,n • r̄3,n − h̄4,n • r̄∗4,n) • s̄1]+
2Real[
∑N
n=1
(−h̄4,n • r̄∗1,n + h̄∗3,n • r̄2,n + h̄∗2,n • r̄3,n−
h̄1,n • r̄∗4,n) • s̄4] + 2Real[
∑N
n=1
(h̄1,n • h̄∗4,n−
h̄∗2,n • h̄3,n − h̄2,n • h̄∗3,n + h̄∗1,n • h̄4,n) • s̄1 • s̄∗4 ] ‖2F
(s̄2, s̄3) arg mins̄2 ,̄s3∈CND
‖
(∑4
m=1
∑N
n=1
|h̄m,n|.ˆ2
)
•
(|̄s2|.ˆ2 + |̄s3|.ˆ2) + 2Real[
∑N
n=1
(−h̄2,n • r̄∗1,n+
h̄∗1,n • r̄2,n − h̄∗4,n • r̄3,n + h̄3,n • r̄∗4,n) • s̄2]+
2Real[
∑N
n=1
(−h̄3,n • r̄∗1,n − h̄∗4,n • r̄2,n + h̄∗1,n • r̄3,n+
h̄2,n • r̄∗4,n) • s̄3] + 2Real[
∑N
n=1
(h̄2,n • h̄∗3,n−
h̄∗1,n • h̄4,n − h̄1,n • h̄∗4,n + h̄∗2,n • h̄3,n) • s̄2 • s̄∗3 ] ‖2F
metrics of MB-OFDM symbols in the two codes can be eas-
ily found based on the decoding metrics of the respective
OSTBC (see, for example, [12, Section 3.3]) and QOSTBC
[11, Section III]. Furthermore, instead of having to decode
jointly the whole ND data points corresponding to the ND
data sub-carriers (ND = 100 according to [1]) within a MB-
OFDM symbol s̄t,m, each data point among these ND data
sub-carriers (a pair of data points for QOSTFCs) can be
decoded separately. Thus the decoding process is relatively
simple. The decoding metrics of MB-OFDM symbols for
S4a, S4b, S8a and S8b are presented in Tables 1, 2, 3 and 4,
respectively. In these tables, h̄m,n is the column vector ob-
tained by applying the FFT to the respective channel coef-
ficient vector h̄m,n, i.e. h̄m,n = FFT{h̄m,n}, while r̄m,n is
the column vector of received signals at the output of the
FFT blocks in Fig. 1. Once again, we refer readers to [7,
Section III A] for more detail about how these vectors are
formed.
From Tables 1 and 3 (Tables 2 and 4, respectively), the
data at each tone (a pair of data at each tone) can be de-
coded separately, rather than jointly. For illustration, let
us consider the simple case where we have N = 1 Rx an-
3
Table 3
Decoding Metrics for S8a with PSK or QAM Modulations.
Symbol Decoding Metric
s̄1 arg mins̄∈CND ‖
[∣∣∣∑Nn=1
(
h̄5,n • r̄∗5,n + h̄2,n • r̄∗2,n+
h̄∗1,n • r̄1,n + h̄∗4,n • r̄4,n + h̄3,n • r̄∗3,n + h̄8,n • r̄∗8,n+
h̄∗6,n • r̄6,n + h̄∗7,n • r̄7,n
)
− s̄
∣∣∣.ˆ2+
(−1̄ +
∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
s̄2 arg mins̄∈CND ‖
[∣∣∣∑N
n=1
(
− h̄8,n • r̄∗7,n − h̄2,n • r̄∗1,n−
h̄6,n • r̄∗5,n + h̄∗5,n • r̄6,n + h̄∗7,n • r̄8,n + h̄∗1,n • r̄2,n+
h̄∗3 • r̄4 − h̄4 • r̄∗3
)
− s̄
∣∣∣.ˆ2+
(−1̄ +
∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
s̄3 arg mins̄∈CND ‖
[∣∣∣∑N
n=1
(
h̄8,n • r̄∗6,n − h̄3,n • r̄∗1,n+
h̄∗1,n • r̄3,n − h̄∗2,n • r̄4,n + h̄4,n • r̄∗2,n − h̄7,n • r̄∗5,n+
h̄∗5,n • r̄7,n − h̄∗6,n • r̄8,n
)
− s̄
∣∣∣.ˆ2+
(−1̄ +
∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
s̄4 arg mins̄∈CND ‖
[∣∣∣∑Nn=1
(
− h̄8,n • r̄∗4,n + h̄7,n • r̄∗3,n−
h̄5,n • r̄∗1,n + h̄6,n • r̄∗2,n + h̄∗1,n • r̄5,n − h̄∗2,n • r̄6,n−
h̄∗3,n • r̄7,n + h̄∗4,n • r̄8,n
)
− s̄
∣∣∣.ˆ2+
(−1̄ +
∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2) • (|̄s|.ˆ2)
]
‖2F
tenna, thus the subscript n can be omitted for brevity. De-
note ~m,k and rm,k to be the k-th element of the column
vectors h̄m and r̄m, respectively. From Table 1, the decod-
ing metric for data at the k-th data sub-carrier (or tone),
for k = 1, . . . , ND, in the MB-OFDM symbol s̄1 of S4a is
s1,k = arg min
s∈C
[∣∣(~2,kr∗2,k + ~3,kr∗3,k + ~∗1,kr1,k +
~∗4,kr4,k
)− s∣∣2 + (−1 +
4∑
m=1
|~m,k|2)|s|2
]
(5)
while, from Table 2, the decoding metric for a pair of data at
the k-th data sub-carrier, within the MB-OFDM symbols
s̄1 and s̄4 of S4b is
(s1,k, s4,k) = arg min
s1,s4∈C
( 4∑
m=1
|~m,k|2
)
(|s1|2 + |s4|2) +
2Real[(−~1,kr∗1,k − ~∗2,kr2,k − ~∗3,kr3,k −
~4,kr∗4,k)s1] + 2Real[(−~4,kr∗1,k + ~∗3,kr2,k +
~∗2,kr3,k − ~1,kr∗4,k)s4] + 2Real[(~1,k~∗4,k −
~∗2,k~3,k − ~2,k~∗3,k + ~∗1,k~4,k)s1s∗4] (6)
We recall that the searches in the aforementioned decoding
metrics are carried out over all potential possibilities of
the symbol(s) s in (5) (s1, s4 in (6), respectively) in the
original PSK or QAM signal constellations. It is clear from
the above examples that the decoding metrics are relatively
simple.
Table 4
Decoding Metrics for S8b with PSK or QAM Modulations.
Symbols Decoding Metric
(̄s1, s̄4) arg mins̄1 ,̄s4∈CND
‖
(∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2
)
• (|̄s1|.ˆ2+
|̄s4|.ˆ2) + 2Real[
∑N
n=1
(−h̄∗6,n • r̄6,n + h̄4,n • r̄∗4,n+
h̄∗3,n • r̄3,n − h̄∗2,n • r̄2,n + h̄8,n • r̄∗8,n − h̄1,n • r̄∗1,n−
h̄5,n • r̄∗5,n + h̄∗7,n • r̄7,n) • s̄1] + 2Real[
∑N
n=1
(h̄4,n • r̄∗8,n+
h̄∗6,n • r̄2,n + h̄1,n • r̄∗5,n + h̄∗3,n • r̄7,n − h̄∗2,n • r̄6,n−
h̄∗7,n • r̄3,n − h̄8,n • r̄∗4,n − h̄5,n • r̄∗1,n) • s̄4]+
2Real[
∑N
n=1
(−h̄∗1,n • h̄5,n − h̄4,n • h̄∗8,n + h̄∗4,n • h̄8,n−
h̄∗2,n • h̄6,n + h̄1,n • h̄∗5,n − h̄∗3,n • h̄7,n + h̄2,n • h̄∗6,n+
h̄3,n • h̄∗7,n) • s̄1 • s̄∗4 ] ‖2F
(̄s2, s̄5) arg mins̄2 ,̄s5∈CND
‖
(∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2
)
• (|̄s2|.ˆ2+
|̄s5|.ˆ2) + 2Real[
∑N
n=1
(h̄∗5,n • r̄6,n − h̄∗3,n • r̄4,n+
h̄∗7,n • r̄8,n + h̄∗1,n • r̄2,n − h̄8,n • r̄∗7,n − h̄6,n • r̄∗5,n−
h̄2,n • r̄∗1,n + h̄4,n • r̄∗3,n) • s̄2] + 2Real[
∑N
n=1
(h̄∗1,n • r̄6,n+
h̄2,n • r̄∗5,n − h̄∗5,n • r̄2,n − h̄4,n • r̄∗7,n + h̄∗7,n • r̄4,n+
h̄∗3,n • r̄8,n − h̄6,n • r̄∗1,n − h̄8,n • r̄∗3,n) • s̄5]+
2Real[
∑N
n=1
(−h̄∗2,n • h̄6,n + h̄1,n • h̄∗5,n + h̄3,n • h̄∗7,n−
h̄∗3,n • h̄7,n + h̄∗4,n • h̄8,n − h̄4,n • h̄∗8,n + h̄2,n • h̄∗6,n−
h̄∗1,n • h̄5,n) • s̄2 • s̄∗5 ] ‖2F
(̄s3, s̄6) arg mins̄3 ,̄s6∈CND
‖
(∑8
m=1
∑N
n=1
|h̄m,n|.ˆ2
)
• (|̄s3|.ˆ2+
|̄s6|.ˆ2) + 2Real[
∑N
n=1
(−h̄3,n • r̄∗1,n − h̄8,n • r̄∗6,n−
h̄7,n • r̄∗5,n + h̄∗2,n • r̄4,n − h̄∗1,n • r̄3,n − h̄∗6,n • r̄8,n−
h̄∗5,n • r̄7,n + h̄4,n • r̄∗2,n) • s̄3] + 2Real[
∑N
n=1
(h̄3,n • r̄∗5,n−
h̄∗2,n • r̄8,n − h̄8,n • r̄∗2,n − h̄7,n • r̄∗1,n + h̄∗5,n • r̄3,n−
h̄∗1,n • r̄7,n − h̄∗6,n • r̄4,n − h̄4,n • r̄∗6,n) • s̄6]+
2Real[
∑N
n=1
(−h̄4,n • h̄∗8,n − h̄∗3,n • h̄7,n + h̄∗4,n • h̄8,n+
h̄3,n • h̄∗7,n − h̄∗1,n • h̄5,n − h̄∗2,n • h̄6,n + h̄1,n • h̄∗5+
h̄2,n • h̄∗6,n) • s̄3 • s̄∗6 ] ‖2F
4. Simulation Results
Several Monte-Carlo simulations were run in MatlabTM
for the conventional baseband MB-OFDM system without
STFCs and for the baseband MB-OFDM with S4a, S4b,
S8a, and S8b, at the bit rate 480 Mbps for illustration. Each
run of simulations was carried out with 1800 MB-OFDM
symbols. One hundred channel realizations of each channel
model (CM 1 to CM 4) were considered for the transmission
of each MB-OFDM symbol. The channel realizations were
created by the Matlab program enclosed in the appendix
of the IEEE 802.15.3a channel modeling sub-committee re-
port [9]. The simulation parameters are listed in Table 5. In
simulations, SNR is defined to be the signal-to-noise ratio
(dB) per sample in a MB-OFDM symbol (consisting of 165
samples), at each Rx antenna, i.e. SNR is the subtraction
between the total power (dB) of the received signal corre-
sponding to the sample of interest and the power of noise
(dB) at that Rx antenna. To fairly compare the error per-
formance of MB-OFDM systems with and without STFCs,
the following two constraints were imposed:
Power constraint : the average power of the signal con-
stellation points is multiplied with a factor of 1 for the un-
4
Table 5
Simulation Parameters.
Parameter Value
FFT and IFFT size Nfft = 128
Data rate 480 Mbps
Conv. encoder’s rate 1/2
Conv. encoder’s constraint length K = 7
Conv. decoder Viterbi
Decoding mode Hard
No. transmitted MB-OFDM symbols 1800
Modulation 8PSK, 16QAM
and 64QAM
IEEE Channel model CM1, 2, 3 & 4
No. data subcarriers ND = 100
No. pilot subcarriers NP = 12
No. guard subcarriers NG = 10
Total number of subcarriers used NT = 122
Number of samples in ZPS NZPS = 37
Total number of samples/symbol NSY M = 165
Number of channel realizations 100
coded MB-OFDM, 1/3 for S4a, 1/4 for S4b, 1/4 for S8a, and
1/6 for S8b. Thereby, the total transmission power from all
Tx antennas at a certain time is the same for all cases.
Data rate constraint : a suitable modulation scheme is se-
lected for each MB-OFDM system in order to achieve the
same data rate. To illustrate an example of how to achieve
the same date rate for different MB-OFDM systems, we
consider a conventional baseband uncoded MB-OFDM sys-
tem of data rate 320 Mbps with the convolutional encoder’s
rate of 1/2 and the modulation scheme of either QPSK or
DCM (Dual Carrier Modulation [1]). This system is con-
sidered as a reference. To have the uncoded MB-OFDM
system of data rate 480 Mbps, we maintain all functional
blocks, including the convolutional encoder, in this refer-
ence system, except for the modulation and demodulation
blocks. Particularly, an 8PSK modulation scheme is se-
lected, instead of QPSK or DCM. In a similar manner, a
16QAM modulation scheme is selected when the reference
MB-OFDM system is associated with the rate-3/4 STFC
S4a to have the date rate of 480 Mbps. Similarly, we can
select 8PSK, 64QAM and 16QAM modulation schemes for
the reference MB-OFDM system associated with S4b, S8a
and S8b, respectively, to have the same data rate of 480
Mbps because S4b, S8a and S8b have the code rates of 1,
1/2 and 3/4 respectively.
Figs. 2 and 3 compare the error performances in a MISO
(Multiple-Input Single-Output) system, i.e. N = 1 Rx an-
tenna, while Figs. 4 and 5 compare them in a MIMO sys-
tem with N = 2 Rx antennas. From the figures, we have
the following two observations.
Firstly, although only partial diversity can be achieved,
the QOSTFCs might still provide significantly better er-
ror performance, compared to the respective OSTFCs of
the same order, while they are superior to the conventional
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Fig. 2. S4b vs. S4a with 1 Rx antennas at the bit rate 480 Mbps.
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Fig. 3. S8b vs. S8a, with 1 Rx antennas at the bit rate 480 Mbps.
MB-OFDM. For example, from Figs. 4 and 5, we can see
that QOSTFCs can provide better error performance of at
least 1.2 dB for S4b and 10 dB for S8b at the bit error rate
BER = 10−5 in the case of N = 2, compared to their
counterparts S4a and S8a. The more dispersive the UWB
channel model is (the dispersion increases from CM1 to
CM4), the higher the gain is. We note that this enhance-
ment is achieved without any increase of the total trans-
mission power. Equivalently, the QOSTFCs may provide
higher data rate with the same error performance as the
OSTFCs.
Secondly, S8b not only can provide higher system capac-
ity (because of higher order as analyzed in Section 1), com-
pared to S4b, but also might provide better error perfor-
mance than S4b (in the case of MISO systems - see Figs. 2
and 3) in the channel models CM1 and CM2 at the same
data rate, while providing almost as good error performance
as S4b (in the case of MI2O systems - see Figs. 4 and 5). In
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Fig. 4. S4b vs. S4a with 2 Rx antennas at the bit rate 480 Mbps.
the more dispersive channel models CM3 and CM4, there
exits a compromise between the system capacity and the
code rate. The same applies to the error performance if we
compare the two codes at the same data rate, since the de-
crease of the code rate of S8b, compared to that of S4b,
causes the degradation of the error performance.
5. Conclusions
We have analyzed the application of QOSTFCs in our
proposed STFC MB-OFDM UWB systems. Although only
partial diversity can be achieved, QOSTFCs may still pro-
vide either a higher date rate or better error performance,
compared to the full diversity OSTFC of the same or-
der. Thus, it can be concluded that, for STFC MB-OFDM
UWB, QOSTFCs might be better than OSTFCs, with the
penalty of higher decoding complexity, though both have
relatively simple decoding complexity. Furthermore, beside
the case study of STFC MB-OFDM, it is our conjecture
that the proposed QOSTFCs can also be used in various
other wireless applications, such as WiMax MIMO [14],
providing better BER than the respective OSTFCs. Ex-
amination of the application of OSTFCs and QOSTFCs in
WiMax MIMO will be our future work.
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